To improve the joint strength of the joint of the Ni-P/Cu plated Al alloy and the Cu alloy for a water cooling system, fluxless bonding was conducted with Sn-Cu solder foil in a vacuum. In the joint bonded at 250 C, fracture easily occurs at the joint interface due to insufficient interfacial reaction and shear strength is relatively low. In the joint bonded at 350 C, the excess growth of the Cu 3 Sn layer in the Cu 6 Sn 5 /Cu interface and the large void formation in the joint degrade shear strength. On the contrary, in the joint bonded at 300 C, both the excess growth of the Cu 3 Sn layer and the large void formation are prevented, and thus shear strength becomes relatively high. When bonding was conducted under the optimum conditions, which are bonding temperature of 300 C, bonding time of 20 min and applied stress of 0.2 MPa, shear strength became 33.4 MPa. This value is approximately four times that of the joint bonded with flux.
Introduction
Al and Cu alloys have been often used as a material for a heat sink and a heat spreader of many electronics products. In the case of a power semiconductor module, a calorific value from a power semiconductor has increased year after year, and heat management comes to be serious problem. As the solution, a water cooling system is expected to be applied.
For the water cooling system, Cu alloys have been generally used due to their excellent corrosion resistance. Cu alloys, however, has relatively high density, and it becomes issue to reduce the weight of the water cooling system. In particular, a lighter cooling system is required for a vehicle. To reduce the weight of the water cooling system, it is effective to change the material of the component which does not contact with water from the Cu alloy to the Al alloy. To realize such a system, joining technology of the Cu alloy and the Al alloy is required. However, the materials used in the water cooling system have various shapes such as plate, pipe, fin and so on, and thus it is not easy to join the Cu alloy and the Al alloy components using a conventional joining method.
Under such background, we have developed a new joining technology of the Cu alloy and the Al alloy. 1) In the technology, Ni-P/Cu plating is performed on the surface of the Al alloy. A Ni-P/Cu plated Al alloy is joined to the Cu alloy with Sn-Cu solder foil and non-clean flux in a vacuum. The previous study clarified that the joint strength strongly depends on void existence ratio in the joint and preventing void formation is effective to improve the joint strength. 1) In this study, fluxless bonding of the Ni-P/Cu plated Al alloy and the Cu alloy was performed to prevent void formation and improve the joint strength. Moreover, optimum bonding conditions were examined.
Experimental
A5052P alloy and C1220 alloy pieces with 10 Â 15 Â 3 mm 3 size were prepared as the Al alloy and the Cu alloy, respectively. For the A5052P alloy pieces, electroless Ni-P plating and electrolytic Cu plating were conducted in turn to prepare the Ni-P/Cu plated Al alloy. The composition of a Ni-P plating layer was Ni-8.5 mass%P. The average thickness of the Ni-P plating layer and the Cu plating layer were 5.1 and 13 mm, respectively. Sn-Cu lead-free solder foil with 10 Â 5 Â 0:2 mm 3 size was prepared to join the Ni-P/Cu plated Al alloy and the Cu alloy. Table 1 shows chemical compositions of Sn-Cu foil.
A lap-joint specimen was prepared by bonding the Ni-P/ Cu plated Al alloy and the Cu alloy. Bonding was conducted with Sn-Cu foil in a vacuum under 0.04 Pa. Before bonding, surfaces of all specimens were cleaned with methanol. Table 2 indicates bonding conditions investigated. After bonding, forced cooling using fans was conducted from bonding temperature to 100 C in N 2 atmosphere, and from 100 C to 28 C in the air. Figure 1 shows examples of the temperature profiles in bonding process. Applied stress was loaded during bonding process. For reference, the lap-joint specimen was also prepared by bonding at 250 C for 10 min with Sn-Cu foil and non-clean flux (NIHON SUPERIOR, NS-30) in the air. No applied stress was loaded when the specimen was fabricated with non-clean flux. The size of the lap area was 10 Â 5 mm 2 . Shear test was performed with the lap-joint specimens at the cross head speed of 0.5 mm/min at room temperature. Three specimens were tested for each bonding condition. Microstructural observation was conducted for cross sections of joint areas and fractured areas using an electron probe X-ray microanalyzer (EPMA). C. Bright gray phases in the joint areas correspond to the Sn-Cu solder. On the basis of the EPMA mapping analysis, Cu and Sn were detected in the dark gray phases in the joint areas. For the phases, the atomic ratio of Cu and Sn was determined to be Cu : Sn ¼ 6 : 5 from EPMA quantitative analysis. Thus, the phases were inferred to be Cu 6 Sn 5 . The joint layer thickness (the gap between the surface of the Ni-P/Cu plated Al alloy and the surface of the Cu alloy) was almost 15-20 mm regardless of applied stress and bonding time. It was found that Cu 6 Sn 5 phases increases in the joint areas with increasing applied stress and bonding time. Under the bonding conditions investigated, the effect of applied stress on the microstructure was negligible.
As shown in Fig. 2 , the formation of Cu 6 Sn 5 phases in the joint area was observed in all specimens. It has been reported that scallop-shape Cu 6 Sn 5 phases form in the joint interfaces between Cu and lead-free solders. [2] [3] [4] The formation of scallop-shape Cu 6 Sn 5 in the joint areas was also observed in this study. It seems that once the reaction of Cu and Sn starts in the joint interface by the thermocompression effect, the residual oxide film at the surface of Cu is destroyed due to the subsequent formation of scallop-shape Cu 6 Sn 5 . Thus, the formation of scallop-shape Cu 6 Sn 5 could promote bonding process even without flux. Figure 4 shows microstructures of cross sections of joint areas bonded at 350 C. Analogous formation phases, which were observed in the joint bonded at 300 C for above 20 min (refer to Fig. 3) , are observed. The Cu 3 Sn layer formed in the Cu 6 Sn 5 /Cu interface grows thicker compared to the joint bonded at 300 C. In the joint bonded at applied stress of 0.2 MPa and bonding time of 20 min, the formation of void was observed. Similar void formation was also observed when applied stress was above 0.2 MPa and bonding time was 30 min. The joint layer thickness was almost 20-25 mm in all specimens investigated. This value is lower than that of the joint bonded at 300 C. In the joint bonded at 350 C, it was found that the solder is partially exhausted from the joint area and wets the areas in the vicinity of the joint area. This is because the surface energy of the molten solder decreases and wettability of the molten solder on Cu improves with increasing temperature.
5) The exhaustion of the solder from the joint area causes to reduce the solder volume in the joint area, and thus the joint layer thickness diminishes.
3.2 Joint strength and fracture mode 3.2.1 Bonding temperature: 250 C Figures 5 and 6 show shear strength and cross sections of fractured areas after shear test in the joints bonded at 250 C, respectively. Table 3 indicates the main fracture mode for each bonding condition. When bonding time is 10 min, shear strength is stable at the low value of approximately 10 MPa regardless of applied stress. Fracture mainly occurred in the Cu/solder interface and the Cu 6 Sn 5 /solder interface, as shown in Fig. 6 . The formation of Cu 6 Sn 5 phases does not occur in the whole joint interface under such conditions. Thus, the interfacial reaction does not proceed sufficiently to get excellent shear strength. In the joints bonded at applied stress of 0.1 MPa, the effect of bonding time on shear strength is negligible. Moreover, the void formation in the joint interface was observed as shown in Fig. 6 . This means that the applied stress of 0.1 MPa is not enough to get sufficient shear strength when the bonding temperature is 250 C. In the joints bonded at applied stress of 0.2 MPa, shear strength increases with increasing bonding time as shown in Fig. 5 . It was clarified that fracture mode changes from the Cu/solder interface to Cu 6 Sn 5 and the Cu 6 Sn 5 /solder interface (refer to Fig. 6 ), and thus shear strength increases. Similar tendency was observed in the joints bonded at applied stress of 0.3 MPa and bonding time below 20 min. On the contrary, shear strength decreases when applied stress is 0.3 MPa and bonding time is 30 min. In the joint, main fracture mode was the Cu 6 Sn 5 /Cu interface as shown in Fig. 6 . Moreover, the exhaustion of a part of the molten solder from the joint area was observed. Since the progress of the interfacial reaction is slow at 250 C, excess applied stress could easily induce the exhaustion of the solder from the joint area. In such a joint, shear strength diminishes due to an insufficient interfacial reaction. 
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In the joint bonded with non-clean flux at 250 C for 10 min, shear strength was 7.9 MPa. Shear strength of the SnCu solder joint is estimated to be 13 MPa from shear strength of the Sn-Ag solder joint 6) and the ratio of the tensile strength of the Sn-Cu and the Sn-Ag solders. 7) As reported in the previous study, 1) void existence ratio is high in the joint with flux, and thus shear strength is lower than that of the Sn-Cu solder joint. Except the joints bonded at applied stress of 0.1 MPa, shear strength is larger than that of the joint with flux. Figures 7 and 8 show shear strength and cross sections of fractured areas after shear test when bonding temperature is 300 C. The main fracture mode for each bonding condition is summarized in Table 4 . When applied stress is 0.1 MPa, shear strength gradually increases with increasing bonding time. Fracture mainly occurred in the Cu 6 Sn 5 /solder interface and Cu 6 Sn 5 as shown in Fig. 8 . Since the growth of Cu 6 Sn 5 proceeds with increasing bonding time, the fraction of the fracture in stiff Cu 6 Sn 5 increases and shear strength increases.
Bonding temperature: 300 C
In the joints bonded at applied stress above 0.2 MPa, shear strength increases when bonding time is less than 20 min. In such joints, fracture mainly occurred in the Cu 6 Sn 5 /solder interface in the center of the joint area as shown in Fig. 8 . With increasing bonding time, the growth of Cu 6 Sn 5 proceeds and the solder area decreases. Thus, solder deformation is restricted by stiff Cu 6 Sn 5 and shear strength increases.
On the contrary, shear strength reduces at bonding time of 30 min when applied stress is above 0.2 MPa. In such joints, fracture occurred in Cu 6 Sn 5 in the vicinity of the Cu 3 Sn layer and the Cu 6 Sn 5 /Cu 3 Sn interface as shown in Fig. 8 Kirkendall voids. 9) This void formation probably affects the reduction of shear strength. Therefore, excess bonding time causes the reduction of shear strength when applied stress is above 0.2 MPa. To obtain high shear strength, the applied stress and bonding time should be 0.2-0.3 MPa and 20 min, respectively. 3.2.3 Bonding temperature: 350 C Figure 9 shows shear strength of the joints bonded at 350 C. Shear strength is stable at approximately 20 MPa except the joints bonded at applied stress of 0.3 MPa. The shear strength is lower than that of the joint bonded at 300 C. Figure 10 shows cross sections of fractured areas after shear test and Table 5 indicates the main fracture mode for each bonding condition. It was found that fracture mainly occurred in the Cu 6 Sn 5 /Cu 3 Sn interface in all specimens although the crack partially passes in Cu 6 Sn 5 in the joint bonded at applied stress of 0.1 MPa and bonding time of 10 min as shown in Fig. 10 . Thus, the reduction of shear strength is caused by the change of the fracture mode from the Cu 6 Sn 5 /solder interface to the Cu 6 Sn 5 /Cu 3 Sn interface compared to the joint bonded at 300
C. The interface strength of the Cu 6 Sn 5 / Cu 3 Sn interface seems to be lower than that of the Cu 6 Sn 5 / solder interface as described in 3.2.2. When applied stress is 0.3 MPa, shear strength increases with increasing bonding time. With increasing bonding time, the remained solder area reduces and stiff Cu 6 Sn 5 and Cu 3 Sn phases increase. The transformation from the solder to Cu 6 Sn 5 and Cu 3 Sn phases causes shear strength to increase.
In the joint bonded at applied stress of 0.2 MPa and bonding time of 20 min, shear strength is lower than that of the joint bonded at other applied stress. Similar tendency is found in the joint bonded at applied stress below 0.2 MPa when bonding time is 30 min. As shown in Fig. 4 , the void formation was observed in the joint. Thus, the reduction of shear strength in the joint seems to be caused by the void formation. As described in 3.1.3, since the surface energy of the molten solder decreases and wettability of the molten solder on Cu improves at high temperature, the molten solder easily moves to the outside of the joint area. This movement of the molten solder can promote the void formation. Moreover, the internal pressure of gas, which was dissolved Fluxless Bonding of Ni-P/Cu Plated Al Alloy and Cu Alloy with Lead-Free Sn-Cu Foilin the molten solder, becomes large and the bubble easily forms and expands in the joint at high temperature. Therefore, the void formation is probably caused by the exhaustion of the molten solder from the joint area and the gasification of gas components dissolved in the molten solder. When applied stress was 0.3 MPa, the void formation was prevented compared to the joints bonded at other applied stress. This means that large applied stress can prevent the void formation in the joint. It was clarified that the void formation strongly affects on shear strength than applied stress when bonding temperature is 350 C.
Conclusions
For bonding of the Ni-P/Cu plated Al alloy and the Cu alloy, which is expected for a water cooling system, fluxless bonding was conducted with Sn-Cu solder foil to prevent the void formation in the joint and improve the joint strength. The optimum bonding conditions were examined. The obtained results are as follows.
(1) The joint layer thickness decreases with increasing applied stress in general. 
